P,T -odd Faraday rotation on atoms and molecules in intra-cavity absorption spectroscopy as an alternative way to search for the P,T -odd effects in nature Present limit on the electron electric dipole moment (eEDM) is based on the electron spin precession measurement. We propose an alternative approach observation of the P,T -odd Faraday effect in an external electric field on atoms and molecules using cavity-enhanced polarimetric scheme in combination with molecular (atomic) beam crossing the cavity. Our calculations of the effective electric fields and theoretical simulation of the proposed experiment on Tl and Pb atoms, PbF, YbF, ThO, and YbOH show that the present limit on the eEDM can be improved by 6-7 orders of magnitude.
I. INTRODUCTION
The existence of the electric dipole moment (EDM) for any particle or closed system of particles violates both the space parity (P) and time-reversal (T ) symmetries [1] [2] [3] . Up to date the most stringent experimental limitations for the particles' EDMs are obtained for the electron (eEDM) due to its great enhancement in heavy atoms and diatomic molecules. The most restrictive eEDM bounds were established in experiments with a ThO molecule (d e < 1.1×10 −29 e cm [4] ). Previously, accurate results were obtained on the Tl atom [5] , YbF molecule [6] and HfF + cation [7] . For extraction of the eEDM values from the experimental data, accurate theoretical calculations are required. These calculations were performed for Tl [8] [9] [10] [11] , for YbF [12] [13] [14] [15] , for ThO [16] [17] [18] [19] , and for HfF + [20] [21] [22] [23] . In the same experiments it is possible to search for another P,T -odd effect: P,T -odd electron-nucleus interaction [24] [25] [26] . Effects from this interaction and from eEDM can be observed in an external electric field and cannot be distinguished in any particular atomic or molecular experiment. However, they can be distinguished in a series of experiments with different species [21, 27] . The magnitude of the electron-nucleus P,T -odd interaction can be conveniently expressed via the equivalent eEDM d eqv e which leads to the same linear Stark shift of atomic levels in the same external electric field.
Theoretical predictions of the d e value are rather uncertain. Within the Standard Model (SM) none of them promises the eEDM value larger than 10 −38 e cm, however, predictions of the SM extensions are many orders of magnitude larger [28] . Various models for the P,T -odd interactions within the SM framework are discussed in Refs. [29, 30] . In modern experiments for the P,T -odd effects observation in atomic and molecular systems either the shift of the magnetic resonance [5] or the electron spin precession [4, 6, 7] in an external electric field is studied. Due to a very large gap between the current experimental bound and the maximum SM theoretical prediction alternative methods for the observation of the P,T -odd effects are of interest. In Refs. [31, 32] it was mentioned the existence of the effect of optical rotation of linearly polarized light propagating through a medium in an external electric field -the P,T -odd Faraday effect. The possibility to observe it was studied theoretically and experimentally (see the short review [33] ). Recently, a possible observation of the P,T -odd Faraday effect by the intracavity absorption spectroscopy (ICAS) methods [34] [35] [36] using atoms was considered [37] . In Ref. [34] an experiment on the observation of the P-odd optical rotation in Xe, Hg, and I atoms was discussed. The techniques [34] is very close to what is necessary for the P,T -odd Faraday effect observation. In Refs. [11, 38, 39] an accurate evaluation of this effect oriented to the application of the techniques [34] were undertaken for the atomic case. In the present paper we consider both atomic and molecular systems for the beam-based ICAS P,T -odd Faraday effect observation (see below).
As it was shown in earlier works [1] , heavy atoms and molecules containing such atoms are very promising systems to search for the P,T -odd effects. For the case of P,T -odd Faraday effect such systems should also satisfy the following requirements.
i) The transition frequencies should belong to the optical (or near infrared) region.
ii) The natural linewidth of the chosen transitions (the collisional width is negligible for beam-based experiments) should be as small as possible otherwise the P,T -odd Faraday signal will be suppressed. For this reason the most suitable are the M1 transitions from the ground to metastable state, e.g. 6p 1/2 → 6p 3/2 in Tl and 6p 2 (1/2, 1/2) 0 → 6p 2 (3/2, 1/2) 1 in Pb considered in Ref. [11] .
iii) The applied electric field E ext should be close to the saturating field E sat , i.e. the field which begins to repulse the levels with opposite parity. For atoms E sat can be never reached in the laboratory, therefore E ext should be chosen as large as possible (the largest achievable field is 10 5 V/cm [5] ). However, such a field can be created only within the space of about 1 cm. Since the usual atomic beam diameter is of the order of several centimeters, the P,T -odd Faraday experiments with atoms look possible as a combination of ICAS and atomic beam experiments. For diatomic molecules with total electron angular momentum projection on molecular axis, Ω, equal to 1/2 such as PbF, YbF E sat is about 10 4 V/cm. Diatomic molecules with Ω > 1/2 can be polarized at very small external electric fields due to closely lying levels of opposite parity (so-called Ω-doubling). The importance of the use of Ω-doubling for the search of P-and P,T -odd effects was noted in Refs. [25, 32, 40] . Finally, linear three-atomic molecules with Ω = 1/2 are very promising systems to search for the P,T -odd effects as they can be easily polarized due to the vibrational l-doubling effect [41] .
We can imagine an ICAS-beam experiment for the P,T -odd Faraday rotation observation as follows. An atomic (molecular) beam crosses the cavity in transverse direction. Within a cavity it meets a laser beam travelling along. The crossing of two beams is located in electric field oriented along the laser beam. The detection of optical rotation (either using simple polarimetry, or phase-sensitive techniques) happens on the output/transmission of the cavity. Let us discuss the ultimate ICAS achievements necessary for the proposed P,T -odd Faraday experiments. In Ref. [34] a possibility to have an optical path length of about 100 km was considered. For a cavity of 1 m length this means 10 5 passes of the light inside the cavity and 10 5 reflections of the light from the mirrors. For an atomic/molecular beam-based experiment, typical optical interaction path-lengths are of about 1 cm, i.e. 100 times smaller. However, in another ICAS experiment [35] an optical path length of 7 × 10 4 km for a cavity of the same size as in Ref. [34] was reported. This means that 700 times enlargement of the light passes number inside a cavity may become realistic. Another important property of ICAS experiments is the sensitivity of rotation angle measurement. Using a cavityenhanced scheme a shot-noise-limited birefringence-phase-shift sensitivity at the 3 × 10 −13 rad level was demonstrated [36] . We consider the above mentioned parameters used in ICAS experiments to estimate the realizability of the proposed P,T -odd Faraday ICAS experiment for the search of the P,T -odd interactions in atomic (molecular) physics.
II. THEORETICAL SIMULATION OF ICAS P,T -ODD FARADAY EXPERIMENT ON ATOMS AND MOLECULES
The P,T -odd Faraday effect manifests itself as the circular birefringence arising from the light propagating through a medium in an external electric field when the P,T -odd interactions are taken into account. Its origin is the same as for the ordinary Faraday effect in an external magnetic field. In the magnetic field the atomic levels are split into Zeeman sublevels. Then the transitions between two atomic states with emission (absorption) of the right (left) circularly polarized photons correspond to the different frequencies since they occur between different Zeeman sublevels. This causes the birefringence, i.e. different refractive indices n ± for the right and left photons. The same happens in an external electric field with an account for the P,T -odd interactions. In this case the level splitting magnitude is proportional to the linear Stark shift S EDM . The rotation angle ψ(ω) of the light polarization plane for any type of birefringence looks like
where l is the optical path length, ω is the transition frequency and λ is the corresponding wavelength. In the P,T -odd Faraday rotation case [11] Re n
The linear Stark shift of atomic levels can be presented as
where R d is the eEDM enhancement coefficient in an atom and E ext is an external electric field. In case of the P,T -odd electron-nucleus interaction the value of d e in Eq. (3) should be replaced by d eqv e . It is convenient to attribute the enhancement coefficient to E ext and to introduce an effective electric field E eff = R d E ext , which is also commonly used parameter in the molecular case. To extract the d e value from the experimental data it is necessary to know the value of E eff which cannot be measured and should be calculated (see, e.g. [42, 43] ).
In the present paper the effective electric fields in the YbF molecule were calculated within the relativistic FockSpace coupled cluster method with single and double amplitudes [44] using the Dirac-Coulomb Hamiltonian. To calculate effective electric fields in the PbF molecule we used the relativistic coupled cluster with single, double and noniterative triple cluster amplitudes method. For both molecules all electrons were included in the correlation treatment. For Pb the augmented all-electron triple-zeta AAETZ [45] basis set was used. For Yb and F atoms the all-electron triple-zeta AETZ [46] [47] [48] basis sets were used. The theoretical uncertainty of these calculations can be estimated as 5%. The values of E eff for the ground electronic states are in good agreement with previous studies [12] [13] [14] [15] [49] [50] [51] .
The rotation signal R(ω) in the experiment reads
where T (ω) is the light transmission. The transmission related to the intracavity losses obeys the Beer-Lambert law
where L(ω) is the absorption length. Here we do not consider transmission from a cavity (mirrors) that is used to enhance the interaction optical path length. It changes as a function of intracavity losses and strongly depends on cavity parameters. Expressed via the spectral characteristics of the resonance absorption line the rotation signal reads
Here ρ is the atomic (molecular) number density, |i and |f are the initial and final states for the resonance transition, r is the electron radius-vector, Γ D is the Doppler width, E i eff and E f eff are the effective fields for initial and final states with a positive sign of the total electron angular momentum projection, σ(ω) is the absorption cross-section. ω 0 is the resonance transition frequency, ∆ω is the detuning frequency; , c are the reduced Planck constant and the speed of light. For M1 transitions the factor e 2 | i|r|f | 2 should be replaced by µ 2 0 | i|l − g S s|f | 2 where s, l are the spin and orbital electron angular momenta operators, respectively, g S = −2.0023 is a free-electron g factor and µ 0 is the Bohr magneton. The functions g(u, v), f (u, v), h(u, v) and the variables u, v are connected with the Voigt description of the spectral line profile [1] 
where Erf(z) is the error function,
and
Γ n is the natural width. Finally,
f (u, v) defines the behavior of absorption and has its maximum at ω 0 . The maximum of h(u, v) also coincides with ω 0 . However, it has the second maximum [11] , what allows to observe the P,T -odd Faraday effect off-resonance, in the region where absorption is very small. For u ≫ 1 and v ≪ 1 in asymptotics h(u, v) ≈ 1/u 2 and f (u, v) ≈ v/u 2 . Then the signal as a function of parameter ρl/u 2 behaves as R ∼ ρl u 2 e −σ(ω0)vρl/u 2 and has its maximum at fixed value of ρl/u 2 ≈ 1/(σ(ω 0 )v). The further enhancement of the signal R as a function of the column density ρl and u is impossible. The cooling of atoms and molecules cannot improve the maximum P,T -odd signal value and the maximum rotation angle since ψ ∼ 1/(Γ D )
2 ∼ 1/T and the absorption coefficient is proportional in asymptotics to 1/(Γ D )
2 ∼ 1/T . Here T is the temperature in Kelvin. In our following estimates we fix u = 5. Plotting the signal R (Eq. (6)) as a function of the detuning u with the exact functions h(u, v) and f (u, v) shows that at such detuning (and also larger values of u) R already achieves its maximum. The real observed quantity is the rotation angle but its growth is limited by the absorption. The shot-noise limit for any polarimeter is proportional to the square root of the number of detected photons. Then the signal-to-noise ratio and, correspondingly, statistical sensitivity (R(ω)/ T (ω)) are optimal when d dl le −l/2L(ω) = 0, i.e. when l = 2L(ω). It is the case when T (ω) drops by a factor of e 2 ≈ 10 and the light still can be observed. Here we do not consider the hyperfine structure. If the hyperfine structure is resolved, it does not change the order-of-magnitude estimate for rotation angle. However, the choice of certain hyperfine levels depends on particular experiment. Theoretical simulation of the ICAS P,T -odd Faraday experiment based on above-mentioned circumstances with current eEDM limit is presented in Table I . Below we consider some details. a E eff corresponds to the external electric field equal to 100 kV/cm.
1)
We begin with the X 2 Σ 1/2 → A1 2 Π 1/2 transition (λ = 552 nm) in the YbF molecule. The natural linewidth Γ n = 3.6 × 10 7 s −1 [52] . In Ref. [52] the transverse temperature of the supersonic YbF beam was reported to be about 1 K then the transverse Doppler width Γ D = 1.1 × 10 8 s −1 . Our calculations give the effective electric field values: E eff ( 2 Σ 1/2,+1/2 ) = −23.6 GV/cm and E eff ( 2 Π 1/2,+1/2 ) = 3.1 GV/cm. From Fig. 1 one can see that the maximum signal R max = 3.5 × 10 −12 rad corresponds to ρl = 6 × 10 11 cm −2 . The optimal situation when the transmission drops approximately by a factor of 10 corresponds to ρl = 3.0 × 10 12 cm −2 . Such column densities can be achieved in a cavity [34] with an atomic (molecular) beam of approximately 1 cm diameter. Then the maximum P,T -odd rotation angle ψ max = 5.0 × 10 −11 rad. YbOH can be regarded as analogue of YbF for the eEDM search (λ = 577 nm). The effective electric fields are approximately the same [53] [54] [55] [56] . To polarize the YbOH molecule one needs small electric field (E sat ≈ 30 V/cm), so it is much easier to deal with it. The YbF molecule can be polarized only by about 50% at achievable lab fields [6, 57] . Taking into account the record sensitivity 3 × 10 −13 rad, YbF and YbOH appear to be good candidates for improving the eEDM bound by 2 orders of magnitude.
2) The most promising candidate for the ICAS P,T -odd Faraday experiment with diatomic molecules is the PbF molecule with the X1 2 Π 1/2 → X2 2 Π 3/2 transition (λ = 1210 nm). The natural linewidth of the X2 state Γ n = 2.7×10 3 s −1 [58] . Similar to the YbF case, for PbF beam we adopt the transverse temperature of 1 K and the transverse Γ D = 4.5×10 7 s −1 . Our calculations give the following effective electric fields values: E eff ( 2 Π 1/2,+1/2 ) = 38 GV/cm and E eff ( 2 Π 3/2,+1/2 ) = 9.3 GV/cm. For the optimal signal-to-noise ratio case ρl = 1.9 × 10 19 cm −2 , then ψ max = 1.3 × 10
rad. Such column densities cannot be reached in a beam-based experiment using a cavity [34] . In Refs. [59, 60] the continuous flux intensity Φ for molecular (atomic) beams was reported to be ∼ 10 14 − 10 15 mol (at) s
where r is the distance from the beam source and v 0 is the mean beam speed. For v 0 ∼ 10 4 cm/s and r ∼ 0.1 cm one obtains ρ ∼ 10 13 cm −3 . However, for the optical path length with 700 times enlargement of l [35] the same size of rotation angle can be reached with ρ = 2.7 × 10 11 cm −3 . As a result, PbF is a good candidate for (optimistically) improving the eEDM bound by 6-7 orders of magnitude. 3) The next candidate is the Tl atom with 6p 1/2 → 6p 3/2 transition (λ = 1283 nm). The natural linewidth of the metastable 6p 3/2 state Γ n = 4 s −1 [61] . The enhancement coefficients were calculated in Ref. [11] . For Tl beam we adopt the transverse Γ D = 3.0 × 10 7 s −1 [62] . For the optimal case ρl = 5.0 × 10 24 cm −2 , then ψ max = 1.1 × 10
rad. Such a large difference between the results [11] and this result is due to neglect by the collisional broadening for the atomic beam case. Such column densities as ρl = 5.0 × 10 24 cm −2 are not achievable in an atomic beambased experiment. For the path length reported in Ref. [35] ρl = 10 22 cm −2 can be achieved. It corresponds to ψ = 2.1 × 10 −9 rad listed in Table I . However, since at this value the rotation angle does not reach its "saturated" maximum ψ max = 1.1 × 10 −6 rad, it is possible to increase the angle by reducing of the transverse temperature (the rotation angle is proportional to 1/Γ D ∼ 1/T ). In such a way, reducing of the transverse temperature from 1 K to several mK would establish the maximum value ψ max = 9.0 × 10 −7 rad. 4) Consider now the 6p 2 (1/2, 1/2) 0 → 6p 2 (3/2, 1/2) 1 transition in Pb atom (λ = 1279 nm). The natural linewidth of the metastable 6p 3/2 state Γ n = 7 s −1 [61] . The enhancement coefficients were calculated in [11] . For the Pb beam (T = 1 K) the transverse Γ D = 4.2 × 10 7 s −1 . For the optimal case ρl = 9.0 × 10 23 cm −2 , then ψ max = 6.0 × 10 −8 rad. Similar to the Tl atom case, such column densities cannot be reached in an atomic beam-based experiment. In Table  I the results for achievable in the present ICAS experiments ρl = 10 22 cm −2 corresponding to ψ = 6.2 × 10 −10 rad are listed. Reducing the Pb beam transverse temperature to tens of mK with ρl = 10 22 cm −2 would lead to observable ψ max = 6.0 × 10 −8 rad. 5) Consider the X 1 Σ 0 → H 3 ∆ 1 transition (λ = 1810 nm) in ThO. This transition lies in the infrared region so it does not suit for the present ICAS experiments. Nevertheless, it is interesting theoretically to evaluate the possible rotation angle since the best limitation on the eEDM was made on ThO. The natural linewidth of the metastable H state Γ n = 5 × 10 2 s −1 [4] . The effective electric field for the H state was calculated in [16] [17] [18] [19] . For the ThO beam (T = 1 K) the transverse Γ D = 2.9 × 10 7 s −1 . For the optimal case ρl = 9.0 × 10 19 cm −2 , then ψ max = 1.3 × 10 −5 rad.
III. CONCLUSION
The recent most advanced eEDM limit obtained in the experiment with ThO is d e < 1.1 × 10 −29 e cm. In this experiment an electron spin precession in an external electric field is considered and the effect to be measured is proportional to the time spent by a particular molecule in an electric field. In the present paper we suggest another method for observation of such effects -a beam-ICAS P,T -odd Faraday experiment with atoms and molecules. A theoretical simulation of the proposed experiment is based on the recently available ICAS parameters and do not include corresponding specific technical experimental problems. In this experiment it is not necessary to keep longer any separate atom (molecule) in an electric field since the effect is accumulated in the laser beam which meets many atoms (molecules). According to our estimates for the PbF molecule and for Tl, Pb atoms the existing eEDM bound can be (optimistically) shifted down by 6-7 orders of magnitude. This implies testing of new particles at energy three order of magnitude larger than in Ref. [4] , i.e. tens of PeV [4, 28] .
